A novel structure of ZnO nanorods on microsized ZnSe particles has been prepared through a chemical vapor deposition (CVD) technique using Zn and Se powders as the sources. The dimension of the nanorods can be controlled by adjusting the growth temperature, time and the Zn:Se ratio. Through the investigation of the effects of synthesis time and Zn:Se ratio on the formation of ZnO nanorods on ZnSe microparticles, it is proposed that the synthesis of the ZnO-ZnSe structures involves a twostage formation. The growth of ZnO nanorods can be described by VS mechanism. The photoluminescence (PL) of the ZnO-ZnSe structures has also been studied.
Introduction
The direct wide band-gap semiconductors such as most of the Zn and Cd based II-VI compound semiconductors are of the great interest for use in blue and ultraviolet (UV) optical devices [1, 2] . Zn-based II-VI compound semiconductors have already been utilized in a wide range of applications. For instance, ZnO has been used for solar cell windows, transparent conductive films, catalysis, gas sensors and short-wave optics [3, 4] .
ZnSe has been applied for use in saturable-absorber Q switch, blue-green laser diode, modulated waveguide and blue-ultraviolet photodetector [5] . Meanwhile, intense efforts have been put into studying quasi-one-dimensional II-VI compound semiconductors during the past decades because of their unique quantum properties and their potential for nanoscale electronic and optoelectronic integrated devices. Many active researches have been focused on the synthesis of 1-D II-VI compound semiconductors through different methods, such as solvothermal route [6] , laser-assisted catalytic growth [7] , surfactantassisted chemistry method [8, 9] , metalorganic chemical vapor deposition (MOCVD) [10] and chemical vapor deposition (CVD) method [11] . Among these methods, CVD method is the most popular one.
Here we present a novel structure of ZnO nanorods grown on the surface of micrometersized ZnSe particles. The synthesis is based on chemical vapor deposition (CVD) of Zn and Se powders under controlled conditions without the use of catalyst. The effects of the residual oxygen in the reactor on the synthesis of nanorods will be investigated through changing the usage of the Se powder and adding the carbon powder in the sources. We also study the effects of the growth time and temperature. The chemical composition, structural and optical properties of the sample were also investigated using scanning electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), and photoluminescence (PL).
Experimental procedures
ZnO nanorods grown on the surface of ZnSe grain particles were prepared by thermal evaporating Zn and Se powders in N 2 filled chamber without the presence of catalyst.
The furnace setup used in this study is illustrated in Fig. 1 . A quartz tube was set horizontally inside the furnace. Zinc and selenium powders in two separate alumina crucibles were placed at different temperature zones inside the quartz-tube chamber. The crucible with selenium was placed nearer to the gas input at a lower temperature zone while zinc source was placed at the central region of the furnace of a higher temperature zone. An Al 2 O 3 substrate was also placed at the downstream of the quartz tube at about 2.5cm away from the crucible filled with Zn powder. Then the tube was pumped down to a pressure of about 10 -2 Torr. The total pressure was maintained at 300 Torr during the whole fabrication process when N 2 gas was introduced into the quartz tube at a constant flow rate of 150 sccm (standard cubic centimeter per minute). After the growth process, the furnace was gradually cooled down to room temperature by turning off the power supply. A layer of yellow colored sample was formed on the inner-wall of the crucible of zinc powder.
The sample scrapped from the inner-wall was characterized and analyzed by scanning 
Results and discussion
The X-ray diffraction (XRD) pattern of the yellow products prepared at 650 o C and the ratio of Zn: Se=1:1 in weight is shown in This implies that nanosized seeds begin to grow on the surface of ZnSe particle after the formation of ZnSe particle. By increasing the synthesis time to 30min, nanorods are obtained as shown in Fig.4b . The lengths of the nanorods extend to about 1µm when the growth time is increased to 60 min as shown in Fig.3c . When the growth time is further increased to 120 min (see Fig.4c ), the nanorods on the surface of the particle become longer and some scattered nanowires are obtained as shown in the inset of Fig. 4c . Their diameter and length can be up to about 150nm and several micrometers, respectively. As a consequence, it is believed that the formation of the novel structure can be described by a two-stage process. The first stage is the growth of the particle and the second stage is the nucleation and growth of the nanorods on the surfaces of the micro-particles. When the growth time is short, seeds are found on the particles. With the increase of the growth time, the nanorods are formed. The length and diameter of the nanorods increase with the growth time. The formation mechanism of the nanorods on particles will be discussed in detail later.
As shown in Fig. 5 (a) and (b), the EDS results reveal that the products contain nanosized ZnO rods and microsized ZnSe particles. ZnO nanorods on ZnSe microparticles discussed previously. We have also placed some active carbon powder in the reactor to minimize the residual oxygen in the reactor. The result, as expected, is that no ZnO nanorod is formed on the surface of the ZnSe particle as shown in Fig.6(d) .
From the effects of synthesis time and Zn:Se weight ratio as discussed previously, we postulate that the growth of the novel ZnO-ZnSe structure can be described by a two- nanowires. For metal-catalytic VLS, the growth mechanism typically involves a liquid metal catalytic particle located at the tip of the nanowires [16, 17] . In our experiment, no metal catalyst is used and no alloy particle is observed at the tips of the nanorods.
Therefore, the metal-catalytic VLS mechanism can be ruled out as the growth mechanism in our work. Our results show that ZnO nanorods on the ZnSe particles (see Fig.7a Consequently, the synthesis of the ZnO nanorods can be considered as a VS process [18] . Fig.8c and b) , including a strong orange emission at around 600nm and a small blue peak at about 462nm as well as a weak but resoluble blue-green peak at around 500nm. The emission at around 462nm is usually attributed to the donor-acceptor pair transition of ZnSe [19] . The strong orange emission at about 600nm is associated with the vacancies of Zn in ZnSe . This emission band is often observed in bulk ZnSe, which is interpreted as a well known 'self-activated' luminescence in II-VI compounds due to the recombination of shallow donor-deep acceptor pairs [20] . As the other weak blue-green emission at around 500nm, it has been reported in [21] and may be due to the effects of the residual pressure of H 2 O and O 2 .
However, we cannot find the near band edge UV emission at around 375nm of the free excitonic emission of ZnO nanorods which is usually very sharp and strong [22] . The possible reason is that the emission at around 375nm is absorbed by the ZnSe particle because the absorption region of ZnSe ranges from 325nm to 425nm [23] . On the other hand, the relative peak intensity of emission at 600nm (I 600 ) becomes weaker comparing with that of 462nm (I 462 ) when the Zn:Se ratio is changed from 1:1 to 1:9. The ratio of I 600 /I 462 is about 10:1, 3:1 and 1:9 when the Zn:Se ratio increases from 1:1 to 1:2 and then 1:9, respectively, which indicates that the density of defects in ZnSe particle becomes smaller with the increasing Se usage in the experiment.
Conclusion
In conclusion, we have fabricated single-crystal ZnO nanorods on the surface of 
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